Numerous studies have reported the presence of oxidatively modified high-density lipoprotein (OxHDL) within the intima of atheromatous plaques as well as in plasma; however, its role in the pathogenesis of thrombotic disease is not established. We now report that OxHDL, but not native HDL, is a potent inhibitor of platelet activation and aggregation induced by physiologic agonists. This antithrombotic effect was concentration and time dependent and positively correlated with the degree of lipoprotein oxidation. 
Introduction
The protective role of high-density lipoprotein (HDL) in coronary heart disease is well established and attributed to the ability of HDL to promote reverse cholesterol transport as well as its antioxidant, anti-inflammatory, and antithrombotic activities. [1] [2] [3] [4] [5] [6] One potential mechanism for the antithrombotic activity of HDL is via a direct effect on platelets. However, conflicting results on the effect of HDL on platelet activation and aggregation have been reported. Most work to date has supported an inhibitory effect of HDL on platelet activation, while a few have reported increased activation or lack of effect. [7] [8] [9] [10] [11] [12] [13] [14] Hyperlipidemia is associated with oxidative stress, generation of oxidized lipoproteins, and increased risk for thrombosis. 15 Activation of platelets by oxidized low-density lipoprotein (OxLDL) and specific oxidized phospholipids via platelet scavenger receptor CD36 contributes significantly to the prothrombotic phenotype associated with dyslipoproteinemia. 16 HDL is at least as susceptible to oxidation as LDL both in vivo and in vitro due to the depletion of antioxidants and decreased paraoxonase-1 (PON1) activity in HDL during hyperlipidemia. [17] [18] [19] [20] [21] [22] Evidences for the presence of OxHDL in vivo are abundant. Lipids isolated from HDL and LDL found in atherosclerotic lesions have been reported to be oxidized to a comparable extent, and increases with increasing severity of disease. 17, [23] [24] [25] Apo A-I in HDL recovered from atherosclerotic lesions showed significant oxidative modifications. 17 Studies of animals and humans have indicated that OxHDL is also detected in plasma. 18, 19, 23 Scavenger receptor B type I (SR-BI), the principal HDL receptor, is expressed on the surface of various cell types, including hepatocytes and endothelial cells, and contributes to the antiatherogenic properties of HDL. 4, [26] [27] [28] [29] [30] [31] [32] [33] SR-BI, a multiligand transmembrane protein of the scavenger receptor CD36 superfamily, binds to a variety of ligands, including native and oxidized lipoproteins. 29, 34 Binding of HDL to SR-BI on endothelial cells induces the production of nitric oxide (NO) by up-regulating endothelial NO synthase (eNOS) expression through a kinase cascade and has a protective effect on hypercholesterolemia-induced vascular disease. [34] [35] [36] [37] Recently, SR-BI has been shown to be expressed on human platelets, and reduced levels of SR-BI were associated with increased platelet aggregation, suggesting a role in platelet activation. 38 We hypothesized that HDL can control platelet activation via platelet SR-BI. Using both human and mouse platelets, here we demonstrate that OxHDL, but not native HDL, is a strong inhibitor of agonist-induced platelet activation and aggregation. By using platelets from SR-BI Ϫ/Ϫ and CD36 Ϫ/Ϫ mice and including anti-SR-BI blocking antibody in aggregation assays, we demonstrate that the effect of OxHDL on platelets is mediated mainly by platelet SR-BI. The HDL/SR-BI/Akt/eNOS pathway that functions in endothelial cells was ruled out as a mediator of the OxHDL effect in platelets. This surprising finding suggests that contrary to LDL, HDL upon oxidation acquires antithrombotic function mediated by SR-BI.
Methods

Materials
Human ␣-thrombin was purchased from Enzyme Research Laboratories (South Bend, IN); phorbol-12-myristate-13-acetate (PMA) was purchased from Calbiochem (San Diego, CA); apyrase grade 1, prostaglandin E 1 (PGE 1 ), sepharose 2B, BSA, NaBr, diethylenetriamine penta acetic acid (DTPA), and monoclonal antibody against ␤-actin were from SigmaAldrich (St Louis, MO); chrono-lume luciferin-luciferase reagent to measure ATP release, collagen type I (equine), and ADP were purchased from Chrono-log (Havertown, PA); FITC-conjugated anti-P-selectin antibody (FITC-CD62P) and FITC-conjugated anti-␣ IIb ␤ 3 antibody (FITC-PAC1) were purchased from Becton Dickinson (San Jose, CA); antibodies against SR-BI were from Novus Biologicals (Littleton, CO); isotype matched nonimmune antibody from Jackson ImmunoResearch (West Grove, PA); Na[ 125 I] was from ICN Pharmaceutical (Costa Mesa, CA); and 1-hexadecanoyl-2-eicosatetra-5Ј,8Ј,11Ј,14Ј-enoyl-sn-glycero-3-phosphocholine (PAPC) was from Avanti Polar Lipids (Alabaster, AL).
Animals
Wild-type (WT), SR-BI Ϫ/Ϫ , Akt-1 Ϫ/Ϫ , Akt-2 Ϫ/Ϫ , and eNOS Ϫ/Ϫ mice were purchased from Jackson Laboratories (Bar Harbor, ME). CD36 Ϫ/Ϫ animals were generated as described. 39 All strains were at least 99% C57Bl/6 background. Animals were housed in ventilated cages with ad libitum access to food and water, on a 14:10 light-dark cycle. All animal procedures were approved prior to study by the Institutional Animal Care and Use Committee of the Cleveland Clinic. WT and knockout mice were used at 10 to 14 weeks of age.
Preparation of platelets
All experiments done with human blood were approved by the Institutional Review Board of the Cleveland Clinic. Informed consent was obtained in accordance with the Declaration of Helsinki. Human venous blood was drawn from healthy donors into acid-citrate-dextrose (ACD; 85 mM tri-sodium citrate, 65 mM citric acid, and 111 mM D-glucose [pH 4.6]) solution containing PGE 1 (1 g/mL of ACD) and apyrase (0.02 U/mL). Platelet-rich plasma (PRP) was separated by centrifugation at 100g for 20 minutes at 22°C. Platelets were pelleted from PRP by centrifugation at 800g for 15 minutes at 22°C, resuspended in Tyrode buffer (137 mM NaCl, 12 mM NaHCO 3 , and 2.5 mM KCl [pH 7.2]) containing 0.35% BSA and 0.1% glucose, and further purified by gel filtration on a sepharose 2B column. The concentration of platelets was adjusted accordingly with Tyrode buffer containing 0.35% BSA, 0.1% glucose, 2 mM CaCl 2 , and 1 mM MgCl 2 . For the preparation of mouse platelets, 600 L of blood was drawn from the abdominal vein of WT or knockout mice into a syringe containing ACD and PGE 1 . PRP was separated by centrifugation at 100g for 10 minutes at 22°C, followed by pelleting the platelets at 625g for 10 minutes. The gel-filtered platelets were prepared from a pool of 3 to 4 mice as described.
Platelet aggregation and ATP release
Platelet aggregation was monitored by using a Lumi-Aggregometer type 500 VS (Chrono-log). Thrombin (0.1 U/mL), collagen (5 g/mL), PMA (100 nM), or adenosine diphosphate (ADP; 10 M) were used as agonists. Adenosine triphosphate (ATP) release from platelets was measured after the addition of luciferin-luciferase reagent (Chrono-log) and 0.1 U/mL thrombin according to the manufacturer's protocol.
Preparation of lipoproteins
Lipoproteins were isolated from human or mouse plasma by ultracentrifugation of discontinuous NaBr gradients as described by Havel et al. 40 Lipoprotein fractions were dialyzed extensively against 0.9% NaCl containing 0.02% EDTA at 4°C. Immediately before use in aggregation assays with platelets, lipoproteins were dialyzed against 0.9% NaCl. The protein content in each lipoprotein fraction was estimated by BCA protein assay kit from Pierce Biotechnology (Rockford, IL). The purity of lipoprotein preparation was assessed by SDS-PAGE analysis using 4% to 20% gradient gels (Bio-Rad Laboratories, Hercules, CA) and stained with Bio-Safe Coomassie (Bio-Rad Laboratories). Oxidative modification of human and mouse HDL was performed by dialysis at lipoprotein concentration of 0.8 mg protein/mL against PBS containing 5 M CuSO 4 for 24 hours at 37°C or by myeloperoxidase (MPO)-mediated oxidation as described previously. 41, 42 
Flow cytometry
Platelets isolated by gel filtration (2.5 ϫ 10 6 ) in Tyrode buffer containing 2 mM Ca 2ϩ and 1 mM Mg 2ϩ were incubated with lipoproteins for 5 minutes at room temperature followed by stimulation with thrombin (0.1 U/mL). The activated platelets were incubated with either FITC-conjugated anti-Pselectin antibody (1:1000) or FITC-conjugated anti-␣ IIb ␤ 3 antibody (1:100) for 15 minutes. Data for 20 000 FITC-positive cells were acquired using a FACSCalibur instrument (Becton Dickinson, San Jose, CA) and analyzed by the FlowJo software program (Tree Star, Ashland, OR). For the surface expression analysis of SR-BI, human platelets isolated by gel filtration (3 ϫ 10 7 ) in Tyrode buffer containing 2 mM Ca 2ϩ and 1mM Mg 2ϩ were incubated with 0.1 U/mL thrombin for 5 minutes at room temperature. Both quiescent and activated platelets were fixed in 2% formaldehyde for 10 minutes, washed with Tyrode buffer, and incubated with anti-SR-BI antibody (1:100) for 1 hour. Platelets were washed and incubated with FITC-conjugated anti-rabbit secondary antibody (1:100) for 30 minutes and washed twice with Tyrode buffer; the surface expression of SR-BI was analyzed by flow cytometry as described.
Western blotting
Platelets from WT and SR-BI Ϫ/Ϫ mice were lysed in cell lysis buffer and mixed with equal volume SDS-PAGE sample buffer. Equal amounts of protein (50 g) from both WT and SR-BI Ϫ/Ϫ platelets were separated on a 10% gel and transferred to PVDF membranes. Blots were blocked and probed with anti-SR-BI antibody (1:1000) for 1 hour, followed by incubation with peroxidase-labeled secondary antibody and developed with enhanced chemiluminescence. 
Statistical analysis
Values are expressed as means plus or minus SEM or SD as indicated in the figure legends. The statistical significance was evaluated using a 2-sample t test. Results were considered statistically significant with P values less than .05.
Results
OxHDL but not native HDL inhibits agonist-induced platelet aggregation
We first tested the effect of native HDL on platelet aggregation induced by thrombin by preincubating isolated human platelets with human native HDL. Extreme care was taken to prevent potential oxidation of HDL by including DTPA during HDL isolation, protecting against light, overlaying isolated HDL with argon, and finally, by using only fresh preparations of HDL in the aggregation assays. Native HDL did not have significant effects on thrombin-mediated platelet aggregation at concentrations from 200 g/mL to 1 mg/mL ( Figure 1A ,D). In contrast, short 2-minute preincubation of platelets with 200 g/mL of OxHDL resulted in approximately 90% inhibition of thrombin-induced platelet aggregation ( Figure 1A ,D). The inhibitory effect was not dependent on the method of HDL oxidation, since both HDL oxidized by Cu 2ϩ and MPO/H 2 O 2 /NO 2 systems showed similar inhibitory activity in platelet aggregation assays. Native LDL served as an additional control and at a concentration of 200 g/mL had no significant effect on thrombin-induced platelet aggregation ( Figure 1A,D) . To demonstrate that the inhibition of platelet aggregation by OxHDL is a general phenomenon and not restricted only to thrombin as agonist, we tested the effect of OxHDL on platelet aggregation induced by other physiologically relevant agonists. The inhibition of platelet aggregation by OxHDL was found to be universal. OxHDL significantly inhibited platelet aggregation induced by both fibrillar collagen (approximatey 40% inhibition) and by ADP (approximately 55% inhibition; Figure 1B-D) . At the same time, native HDL had no effect on ADP as well as on collagen-induced platelet aggregation. Thus, it appears that OxHDL inhibits platelet aggregation via a pathway that interferes with multiple physiologic agonists and multiple platelet activation pathways.
OxHDL inhibits agonist-induced platelet aggregation in a concentration-and time-dependent manner
To further characterize the effect of OxHDL on platelets, platelet aggregation assays were carried out using various concentrations of OxHDL or by increasing preincubation times with OxHDL. Inhibition of thrombin-induced platelet aggregation by OxHDL was concentration dependent; complete inhibition was achieved at 200 g/mL (Figure 2A) . In experiments where washed platelets were incubated with low concentrations of OxHDL (25 g/mL) for increasing periods of time, we found that the inhibitory effect increased with increasing time, and complete inhibition was achieved after 30 minutes of preincubation ( Figure 2B ). To determine whether the inhibitory activity of OxHDL depends on the degree of oxidation, we oxidized HDL for an increasing time by Cu 2ϩ and tested in platelet aggregation assays ( Figure 2C,D) . Upon oxidation, HDL apoproteins formed a characteristic ladder consisting of apo A-II and apo A-I homo-and hetero-multimers that were apparent by SDS-PAGE, as described previously ( Figure 2D ). 18 Interestingly, even HDL oxidized for a short period of time (HDL oxidized for 2 hours [OxHDL-2h]) that did not show significant signs of oxidative damage by SDS-PAGE ( Figure 2D ) showed very significant inhibition (approximately 40%) of thrombin-induced platelet aggregation ( Figure 2C ). The inhibitory capacity of OxHDL continued to increase with continued oxidation (up to 24 hours; Figure 2C ). Taken together, these data demonstrate that even at a low degree of oxidation, OxHDL becomes a potent inhibitor of platelet aggregation.
The effect of OxHDL on P-selectin expression, integrin ␣ IIb ␤ 3 activation, and ATP release Platelet activation is characterized by a series of events that includes conformational change in the integrin ␣ IIb ␤ 3 , enabling fibrinogen binding and ultimately platelet aggregation. A critical event in platelet activation is secretion of granular contents, a process that serves multiple purposes including amplification of the activation event via release of additional agonists and various adhesive proteins. Granular secretion also results in exposure of activation-dependent glycoproteins, such as P-selectin, on the platelet surface. We tested whether OxHDL suppresses platelet aggregation by inhibiting these critical platelet activation processes. Induction of P-selectin expression in response to thrombin was significantly inhibited by OxHDL ( Figure 3A,C) . ␣ IIb ␤ 3 conformational change in response to thrombin was also significantly inhibited by OxHDL ( Figure 3B,C) . As a measure of platelet-dense granule secretion, we assessed ATP release during platelet activation. There was significant inhibition in thrombininduced release of ATP when the platelets were preincubated with OxHDL ( Figure 3D,E) . Native HDL had no significant effect on any of these parameters (Figure 3) . Similar effects of OxHDL were observed on ␣ IIb ␤ 3 activation, and platelet granule release when other physiologic agonists were used (data not shown). Collectively, these data demonstrate that OxHDL inhibits agonist-induced platelet aggregation by a mechanism that prevents ␣ IIb ␤ 3 activation and granule release.
The inhibitory effect of OxHDL is mediated by platelet SR-BI
Oxidized lipoproteins are known to serve as ligands for scavenger receptors type B, CD36 and SR-BI. CD36 is a major platelet glycoprotein and was reported to recognize OxHDL. 43 SR-BI has recently also been reported to be expressed on the surface of human platelets 38 ; however, its presence on murine platelets and its ability to recognize OxHDL were unknown. Accordingly, we tested whether these scavenger receptors were involved in the inhibitory effect of OxHDL. We first assessed whether OxHDL interacts with SR-BI by using [ 125 I]-labeled OxHDL and SR-BI-overexpressing 293T cells. [ 125 I]-HDL showed significantly increased binding to SR-BI-overexpressing 293T cells compared with control, vectortransfected cells, as anticipated ( Figure 4A ). As shown in Figure  4A , [ 125 I]-OxHDL, oxidized by various methods, bound to SR-BIoverexpressing cells at least as well as native HDL. Western blot analysis of platelets isolated from WT mice showed abundant expression of SR-BI, and this was absent in platelets isolated from SR-BI Ϫ/Ϫ mice ( Figure 4B ). Gel-filtered platelets were prepared from WT, CD36 Ϫ/Ϫ , and SR-BI Ϫ/Ϫ mice, and the effect of oxidized murine HDL on thrombin-induced platelet aggregation was assessed. OxHDL inhibited thrombin-induced aggregation of WT platelets, whereas native HDL had no effect ( Figure 4C,F) . Likewise, preincubation of CD36 Ϫ/Ϫ platelets with OxHDL resulted in almost complete inhibition of platelet aggregation similar to WT platelets, ruling out a significant contribution of this receptor to the observed inhibitory effect (Figure 4D,F) . In contrast, OxHDL failed to significantly inhibit thrombin-induced aggregation in platelets from SR-BI Ϫ/Ϫ mice ( Figure 4E,F) . Similar effects were observed using collagen and ADP as agonists (data not shown). Moreover, preincubation of WT or CD36 Ϫ/Ϫ platelets with anti-SR-BI blocking antibody (but not with isotype-matched nonimmune antibody) prior to the addition of OxHDL, abrogated the inhibitory effect of OxHDL ( Figure 4C,D,F) . These experiments clearly demonstrate that the inhibitory effect of OxHDL on murine platelet aggregation is mediated mainly by SR-BI.
SR-BI mediates inhibition of platelet aggregation by OxHDL in human platelets
We next tested the role of SR-BI in inhibition of human platelet aggregation by OxHDL. Preincubation of human platelets with anti-SR-BI blocking antibody or isotype-matched nonimmune antibody did not show any significant effect on thrombin-induced platelet aggregation ( Figure 5A,B) . However, preincubation of human platelets with anti-SR-BI blocking antibody (but not isotype control) significantly reduced the inhibitory effect of OxHDL on thrombin-induced platelet aggregation ( Figure 5A,B) , as well as the inhibitory effect of OxHDL on platelet aggregation induced by other agonists (Figure 5C,D) . Taken together, these experiments demonstrate that the inhibitory effect of OxHDL on platelets is mediated primarily by OxHDL binding to SR-BI.
SR-BI is the major receptor on platelets for OxHDL
We next characterized interaction of platelets with OxHDL. Platelets isolated from human blood bound significant amounts of both For personal use only. on April 21, 2017. by guest www.bloodjournal.org From OxHDL to platelets was completely inhibited by excess of unlabeled OxHDL, while excess of unlabeled HDL was less effective inhibitor. Preincubation of platelets with anti-SR-BI blocking antibody abrogated the binding, whereas nonimmune antibody did not show any effect ( Figure 5E ), indicating that SR-BI is the major receptor on platelets for OxHDL. Oxidized phospholipids in oxidized lipoproteins represent a potent ligand for scavenger receptors type B. We next tested the effect of oxidized phospholipids on the binding. Platelets were preincubated with PAPC phospholipid vesicles or PAPC vesicles that were oxidized by reactive nitrogen species as described before. 16 Preincubation of platelets with OxPAPC but not with PAPC significantly inhibited binding of OxHDL to platelets ( Figure 5E ). These results demonstrate that oxidized lipids present in OxHDL may represent at least one ligand responsible for the binding to platelet SR-BI. These results suggest that interaction of OxHDL and platelet SR-BI may involve oxidized phospholipid moiety. Thus, both HDL and OxHDL bind to SR-BI ( Figure 4A ) and to platelets ( Figure 5E ), but only OxHDL inhibits platelet activation, suggesting that inhibitory activity may be due to the presence of oxidized lipids such as oxidized phospholipids in OxHDL.
Platelet surface expression of SR-BI is not activation dependent
To test whether SR-BI is constitutively expressed on the surface of platelets, we performed flow cytometric analysis of platelet SR-BI expression in both quiescent and activated platelets using anti-SR-BI antibody, which recognizes the extracellular domain of SR-BI. Surface expression of SR-BI was similar in resting and activated platelets ( Figure 5F ). Similar results were obtained when analysis of SR-BI expression was performed using confocal fluorescent microscopy (data not shown).
The eNOS/Akt pathway is not involved in SR-BI-dependent inhibition of platelet aggregation by OxHDL
Several studies implicated eNOS and its upstream activator Akt kinase in SR-BI mediated effects of HDL. [34] [35] [36] [37] 44, 45 Accordingly, we assessed possible roles for eNOS, Akt-1, and Akt-2 in SR-BI-mediated inhibition of platelet aggregation by OxHDL. To this end, we used platelets from corresponding knockout mice (ie, eNOS Ϫ/Ϫ , Akt-1 Ϫ/Ϫ , and Akt-2 Ϫ/Ϫ ) in aggregation assays. In these 3 knockout models tested, OxHDL was able to inhibit thrombin-induced platelet aggregation to an extent similar to what we observed in WT platelets (Figure 6A-D; compare with Figure 4C,F) . The inhibitory capacity of OxHDL was abrogated by preincubation of eNOS Ϫ/Ϫ , Akt-1 Ϫ/Ϫ , and Akt-2 Ϫ/Ϫ platelets with anti-SR-BI blocking antibody, confirming the specificity of the effect (Figure 6A-D) . These results demonstrate that although the eNOS/Akt signaling pathway is known to be downstream of SR-BI, it is not involved in SR-BI-mediated inhibition of platelet aggregation by OxHDL. As shown in Figures 6E and 6F , OxHDL was not able to inhibit platelet aggregation induced by the model agonist PMA, which is known to activate protein kinase C (PKC). Moreover, treatment with PMA was able to reverse the inhibitory effect of OxHDL preincubation on platelet aggregation induced by thrombin (data not shown). These results demonstrate that OxHDL interferes with agonist-induced signaling pathways at the level of PKC (or upstream of PKC) and is independent of Akt/eNOS.
Discussion
A variety of antithrombotic mechanisms protective against arterial and venous thrombosis have been proposed in the literature for HDL. These include stimulation of NO production in endothelial cells, activation of prostacyclin synthesis, attenuation of the expression of tissue factor and selectins, down-regulation of thrombin generation via the PKC pathway, and direct inhibition of platelet activation. 4, 46, 47 Cardioprotective functions of HDL are presumed to be lost upon oxidative damage. 17, 18, 21, 22, 48 Here, we report the surprising finding that HDL, upon oxidative modification, acquires a potent antithrombotic activity. Using several approaches, we clearly demonstrate that in both human and murine platelets, this effect requires platelet scavenger receptor SR-BI. Using several knockout models, we further demonstrate that inhibition of agonist-induced platelet aggregation mediated by OxHDL is not through the eNOS/Akt pathway, which mediates cardioprotective effects of HDL in endothelial cells. (C) Murine platelets isolated by gel filtration were preincubated with or without anti-SR-BI blocking antibody (20 g/mL) or nonimmune isotype control antibody for 5 minutes, followed by incubation with 200 g/mL murine OxHDL or native HDL for 5 minutes at 37°C and stimulation with 0.1 U/mL thrombin. (D) Platelets prepared from CD36 Ϫ/Ϫ mice were preincubated with or without anti-SR-BI blocking antibody for 5 minutes, followed by incubation with 200 g/mL murine OxHDL or native HDL for 5 minutes at 37°C and stimulation with 0.1 U/mL thrombin. (E) Platelets isolated from SR-BI Ϫ/Ϫ mice were incubated with or without 200 g/mL murine OxHDL for 5 minutes at 37°C, followed by stimulation with 0.1 U/mL thrombin; platelet aggregation was optically monitored. (F) Data from panels C-E are presented as means plus or minus SEM of 3 to 5 independent experiments. NA indicates no addition; ␣-SR-BI, anti-SR-BI blocking antibody; and NI, nonimmune antibody. *P Ͻ .001.
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The modulation of platelet functions by lipoproteins has been investigated intensively. Numerous studies have demonstrated interaction of platelets with LDL and the platelet-activating property of OxLDL. 14, [49] [50] [51] [52] [53] [54] [55] We recently found that a novel family of specific oxidized phospholipids in OxLDL (oxPC CD36 ) serve as high-affinity ligands for CD36 and mediate the effects of OxLDL on platelets. 16 oxPC CD36 accumulates in the plasma of hyperlipidemic mice and in humans with low HDL levels and promote a prothrombotic state via platelet scavenger receptor CD36. 16 However, the effect of HDL on platelet aggregation is less clear. Different studies reported either no effect, activation, or inhibition for HDL on agonist-induced platelet aggregation. [7] [8] [9] [10] [11] [12] [13] [14] Some of the discrepancies could be attributed to HDL subclass specificity. 9, 11, 12 In this study, we used native HDL, HDL 2 , and HDL 3 , and found that none of them had any substantial effect on agonist-induced platelet aggregation (Figure 1 ; data shown only for HDL), even at supraphysiologic concentrations (Ͼ 1 mg/mL). An explanation for the inconsistent results may be inadvertent oxidation of HDL during isolation. Interestingly, the inhibitory effect of autooxidized HDL 3 on the ADP-induced aggregation of platelets has been described earlier, 56 but the detailed mechanism of the effect and the platelet receptors mediating these effects were not elucidated. In our study, we took extra care to prevent oxidation of HDL during isolation and used only fresh preparations in aggregation assays. Contrary to native HDL, we observed a potent inhibition of platelet aggregation by OxHDL, even at concentrations as low as 25 g/mL. This inhibitory effect appears to be a general phenomenon for all physiologically relevant agonists tested, including thrombin, collagen, and ADP. The inhibitory effect was concentration and time dependent and correlated with the extent of HDL oxidation, indicating its specificity. Importantly, even minimally oxidized HDL exerted a potent inhibitory effect ( Figure 2C,D) supporting a potential physiologic significance for the observed phenomenon. Even though both native and OxHDL bind to SR-BI and to platelets ( Figures 4A, 5E ), only the binding of OxHDL to SR-BI resulted in inhibition of agonist-induced platelet activation. Oxidation of lipoproteins results in accumulation of biologically active lipids in lipoproteins. One explanation of our results is that inhibitory activity of OxHDL may be due to the presence of biologically active oxidized lipids such as oxidized phospholipids in OxHDL.
SR-BI is a member of the CD36 superfamily of proteins. It shares 30% sequence homology with CD36, and both proteins are structurally comprised of 2 transmembrane and 2 cytoplasmic domains, as well as a large extracellular domain containing conserved sites for N-linked glycosylation. [26] [27] [28] Although both these receptors bind multiple common ligands, including HDL, LDL, OxLDL, and anionic phospholipids, they have different lipid-related functions. CD36 facilitates the intracellular uptake of oxidized lipoproteins and long-chain fatty acids, while the major function of SR-BI is to mediate the selective transport of cholesteryl esters from HDL particles. 28, 34, 39, [57] [58] [59] CD36 on macrophages plays a proatherosclerotic role, while SR-BI is atheroprotective, probably due to its capacity to mediate cholesterol efflux in cholesterol-loaded cells. 42, 60, 61 On platelets, CD36 was described as a major glycoprotein decades ago, while platelet SR-BI expression was reported only recently. 38, 62 The role of these 2 scavenger receptors in platelet physiology is not well defined. CD36 was reported to contribute to initial stages of platelet adhesion to collagen. 63 Reduced levels of SR-BI were associated with increased platelet aggregation. 38 Our studies demonstrate that platelet SR-BI plays a role opposite to that of CD36. In the context of dyslipidemia and enhanced oxidative stress, platelet CD36 interaction with specific oxidized phospholipids present in OxLDL results in enhanced platelet reactivity and a prothrombotic phenotype. 16 In contrast, SR-BI interaction with OxHDL, a particle that is present in circulation in chronic inflammatory conditions, apparently blunts platelet activation. It is interesting to note that while OxHDL can bind CD36, 43 this does not affect agonist-induced platelet activation ( Figure  4D,F) . Thus, it is tempting to speculate that under conditions of dyslipidemia and oxidative stress, 2 platelet scavenger receptors function to counterbalance each other. In general, lipid oxidation and oxidative stress appear to trigger not only prothrombotic effects but also to produce a previously unrecognized defense mechanism against thrombosis. In patients, the predisposition to thrombotic events may be determined not merely by the accumulation of oxidized lipids, but by its subtype (ie, the ratio of OxLDL to OxHDL). For personal use only. on April 21, 2017 . by guest www.bloodjournal.org From On a mechanistic level, OxHDL appears to inhibit all key events associated with agonist-induced platelet activation, including the conformational change/activation of integrin ␣ IIb ␤ 3 , ␣-granule secretion (measured by P-selectin surface exposure), and dense granule release (measured by ATP release; Figure 3) . Altogether, these data show that OxHDL interferes with agonist-induced signaling pathways, ultimately leading to platelet aggregation. Binding of HDL to SR-BI on endothelial cells was reported to activate eNOS through the PI3K/Akt kinase cascade, resulting in the production of NO. [34] [35] [36] [37] Our experiments using eNOS Ϫ/Ϫ , Akt-1 Ϫ/Ϫ , and Akt-2 Ϫ/Ϫ platelets clearly ruled out the PI3K/Akt/ eNOS pathway as playing any significant role in the observed inhibitory effects of OxHDL.
OxHDL was able to interfere with platelet activation triggered by several physiologically relevant agonists, suggesting that it affects a signaling pathway common to all agonists. PKC activation is a central event in platelet aggregation induced by thrombin, collagen, and ADP. [64] [65] [66] [67] OxHDL had no effect on platelet activation and aggregation induced by the PKC activator PMA ( Figure 6E,F) , indicating that OxHDL inhibits platelet aggregation either at PKC or upstream of PKC. In sum, our studies establish a novel mechanism for regulation of platelet activity by oxidized lipoproteins. Oxidative stress leads to generation of at least 2 types of products circulating in blood and affecting platelet function, OxLDL and OxHDL. While the OxLDL/ CD36 axis triggers platelet activation and promotes aggregation, OxHDL and its receptor SR-BI appear to serve as a natural shield mechanism restricting excessive platelet stimulation and subsequent thrombotic events.
